A successful experiment to accelerate a proton beam to 500 GeV in the Fermilab synchrotron is described.
Introduction
In the early morning hours of May 14, of last year the accelerator status display of Fig. 1 . appeared on all of the TV monitors at Fermilab; it heralded the achievement of one of the basic design goals' of the Fermilab accelerator, viz, acceleration of a proton beam to 500 GeV. Acceleration to the 400-GeV level was first achieved in December of 1972, and has been the standard operating energy since the installation of the 100 MVA pulsed-power transformer in July, 1975. BEAM ENERGY (GeV) The main ring magnet system for the Fermilab synchrotron was designed to have adequate aperture to accelerate and efficiently extract beam up to 400 GeV.' At this energy the field in the bending magnets is 17.9 kG and at the pole tip of the quadrupoles is 10.0 kG (QH=QV=19.4). Individual magnets are routinely tested to fields equivalent to 500 GeV; as seen in Fig. 2 , saturation of the iron results in a 20% decrease in field per unit current at this excitation and a substantial change in field distribution is observed.2 The Bl bending magnets (3.81 cm vertical gap) saturate more than the B2 (5.08 cm gap), yielding an -1% smallerbending power at 500 GeV; since they occur in roughly equal numbers and are in series on a common current bus, a closed orbit distortion will result. The most important departure from linearity of the fields is the sextupole moment in the bending magnets; its calculated effect on QH for an orbit 15 mm on the inside is shown by the dashed line in Fig. 2 
2.
Anticipated Problems
The magnet current at 500 GeV (-6700 A) exceeds the peak ratings of several of the components in the dc power supplies, making unclear at the outset precisely what level would be possible. Immediately preceding ramping the magnets to excitations greater than 400 GeV, a "no fire" run of all sixty-one dc power supplies was carried out; this is important to prevent damaging power supplies. The full bus current is carried by three SCR's in parallel; if one of the three is inoperative (a "nofire"), the other two will be overloaded and a catastrophic failure ensues. A second precaution was a fullring inspection of the bus and magnet system with poweron at 450 GeV; no foreboding effects due to the higher mechanical and thermal stresses were uncovered.
The early portion of the accelerator ramp (i.e. energy vs. time) for higher energy is identical (see Fig. 3 ) to the standard 400-GeV ramp, the anticipated prbblems in establishing beams are then: (1) different remanent fields at injection, (2) closed orbit distortions above 400 GeV, and (3) 450 GeV, the 480-GeV ramp was activated; after four hours of effort -much of the time occupied with magnet power supply problems -a comparable beam was accelerated to 480 GeV (now only a 100-ms flattop) and fast extracted. As with 450 GeV, opposite sign tune bumps were required (AQH=-.27, AQH=+.17) to keep QH away from 19.5. A series of tune measurements were then made from 400-480 GeV in order to construct an improved tune table. At the end of this first day's effort a brief attempt was made to establish a 500-GeV ramp, it was terminated by a frightening ferroresonance trip of the Captree system before reaching 500-GeV currents in the magnets.
The second day began with the 480-GeV ramp; accelerated beam came more easily with the help of the improved tune table. Then followed a nine-hour assaulton 500 GeV. Numerous power trips from several sources were encountered, the most worrisome being those involving the Captree,which usually were accompanied by a highly visible shower of sparks (celebrating our Bicentennial Year!). At day's end it had become clear that the power supply system did not quite have sufficient voltage to reach the magical 6730 A in the bend bus, the highest reached was 6642 A; another 3% was needed in the D quad bus.
Before commencing on the third day, it was decided to take some extraordinary measures that would ensure enough voltage to make 500 GeV, that included: (1) raising the voltage tap on the 100 MVA transformer +2.2%), (2) Only a limited time was available to take measurements on beam behavior above 400 GeV. The most noticeable effect occurred at 480 GeV and above; the horizontal profile of the beam (as seen on the Ion Beam Scanner display) was observed to undergo a rapid shift to smaller radius together with an asymmetric broadening. The closed orbit at 400, 480, and 500 GeV, as measured during a single ramp, are exhibited in Fig. 5 . The signature of any closed orbit distortion due to staturation is not obvious; it is masked by rather large momentum shifts, nearly 0.5% at 480 GeV. To compare the 400 and 500 GeV orbits, a momentum correction of 0.18% was applied to the 500 GeV orbit, the two were then subtracted and averaged over all six superperiods. The result is given by the solid curve in Fig. 5 ; the dashed curve is a calculated distortion6 assuming that the B2 dipoles are 1% stronger than the Bl dipoles. The reason for the large momentum shift now becomes clear; the horizontal position detector that supplies the feedback signal for the rf radial position control loop is marked on Figs. 4 and 5. It sits at a positive maximum of the closed orbit distortion; as the distortion grows the mean radius of the beam is decreased in order to keep its radius fixed at that detector. The behavior at 480 GeV is complicated by the fact that the rather large, empirical tune bumps (AQ=+l)were rapidly changing at that energy, probably causing an undesirable excursion in the actual oscillation frequency.
Recent Intensity Records
In addition to the new energy record, substantial improvements in the maximum intensity at all stages of the Fermilab accelerator have been established in recent months. The following table summarizes these new records along with two indicators of integrated performance; the number of protons for linac and booster represents 13 cycles worth, i.e. the standard number used to fill the main ring. a) The magnet power supply system -with Captreecan excite the magnets to the 500-GeV level at a tune of (19.4, 19.4) ; 60 out of the 61 dc power supplies arerequired to do so, b)
A low intensity (-1 x 10 12) beam can be accelerated to the full energy; same beam lQSS above 450 GeV is observed, probably associated with (avoidable) variations in tune, c)
At 500 GeV the beam can be extracted with reasonable efficiency using the fast kicker for single-turn ejection,
d)
The averaged closed-orbit distortion (±10 mm) is fairly close to what is predicted from measured saturation effects in the bend magnets.
e)
The accelerator ran for a nearly-continuousperiod of 7 hours at 500 GeV without major failures.
